The Mus81-Eme1 complex is a structure-selective endonuclease with a critical role in the resolution of recombination intermediates during DNA repair after interstrand cross-links, replication fork collapse, or double-strand breaks. To explain the molecular basis of 3 0 flap substrate recognition and cleavage mechanism by 
Introduction
Homologous recombination (HR) represents a major pathway for repairing double-strand breaks, damaged replication forks, and chromosome segregation (reviewed in Deans & West, 2011; Schwartz & Heyer, 2011) . HR process leads to the formation of joint molecules (JMs) including Holliday junctions (HJs) that can be "dissolved" by the Bloom (BLM)-TopoIIIa-RMI1/2 (Sgs1-Top3-Rmi1/2 in yeast) helicase-topoisomerase complex or "resolved" by a set of structure-selective endonucleases including Mus81-Eme1 (Mms4), Slx1-Slx4, and Gen1 (Constantinou et al, 2002; Wu & Hickson, 2003; Ciccia et al, 2008; Ip et al, 2008; Fekairi et al, 2009; Muñ oz et al, 2009; Svendsen et al 2009; Cejka et al, 2010) .
The Mus81-Eme1 nuclease plays critical roles in resolving JM intermediates during the repair of internal cross-links and replication fork collapse in mitotic cells and in meiotic cross-overs Chen et al, 2001; Doe et al, 2002; Hanada et al, 2006 Hanada et al, , 2007 . Yeast and metazoan mus81-or mms4/eme1-deficient mutants have been shown to exhibit hypersensitivity to a variety of DNA-cross-linking agents (Interthal & Heyer, 2000; Dendouga et al, 2005) . Mus81-Eme1 with the help of ERCC1 resolves incompletely replicated intermediates at common fragile sites and separates sister chromatids during early mitosis (Naim et al, 2013; Ying et al, 2013) . Loss of Mus81 or Eme1/MMS4 significantly increases the number of gross chromosomal arrangements during normal cell division (Abraham et al, 2003; Dendouga et al, 2005; Hiyama et al, 2006; Wechsler et al, 2011) .
The Mus81-Eme1 complex is a member of the MUS/XPF endonuclease family (reviewed in Hollingsworth & Brill, 2004; Ciccia et al, 2008; Schwartz & Heyer, 2011) . Earlier studies report that Mus81-Eme1 resolves intact HJs through a nick-and-counternick mechanism (Gaillard et al, 2003) . However, Mus81-Eme1 does not efficiently cleave intact HJs in vitro. Instead, Mus81-Eme1 preferentially cleaves nicked JMs including 3 0 flap, replication fork (RF), and nicked HJs in vitro (Doe et al, 2002; Whitby et al, 2003; Fricke et al, 2005; Chang et al, 2008; Ehmsen & Heyer 2008) . Recent studies have shown that Slx1-Slx4 initially cuts a junction of intact HJ, followed by the second incision on the opposite junction by Mus81-Eme1 to generate linear duplex DNA products (Castor et al, 2013; Garner et al, 2013; Wyatt et al, 2013) . Despite extensive structural and biochemical studies, it is unclear how MUS/XPF family nucleases recognize and resolve their substrates at the molecular level (Newman et al, 2005; Nishino et al, 2005; Roberts and White 2005; Tsodikov et al, 2005; Chang et al, 2008) . Crystal structure of DNA-free Mus81-Eme1 revealed that Mus81-Eme1 consists of the nuclease domain formed by Mus81 nuclease and Eme1 nuclease-like domain, and two HhH2 from hMus81 and hEme1 ("MHhH2" and "EHhH2") that we refer to as the 2HhH2 domain (Chang et al, 2008) . Previous studies of Mus81-Eme1 and its family members suggest that both MHhH2 and EHhH2 domains of Mus81-Eme1 are involved in binding to DNA substrates (Newman et al, 2005; Nishino et al, 2005; Chang et al, 2008) . However, these studies do not provide information of (i) how Mus81-Eme1 recognizes and cleaves its substrate, (ii) the molecular determinant of the substrate preference by Mus81-Eme1, (iii) how Mus81-Eme1 determines the incision site(s), and (iv) biological implications of the protein-DNA interaction.
To address these questions, we performed structural studies of human Mus81-Eme1 with three different flap substrates. We show that DNA binding induced significant conformational changes in the linkers connecting the nuclease and HhH2 domains of Mus81 and Eme1, which transforms the Mus81-Eme1 structure from a compact to an open state. These changes unmask the hydrophobic wedge and create the 5 0 end binding pocket facilitating the DNA substrate bending by Mus81-Eme1, ultimately place the incision strand at an active site of Mus81. These features explain why Mus81-Eme1 selects 3 0 flap DNA over 5 0 flap DNA and processes the 5 0 nicked DNA substrates more efficiently. Unexpectedly, we found that hMus81-Eme1 shares several key structural features with 5 0 flap nucleases including core motif, hydrophobic wedge, 5 0 end binding pocket, and DNA kinking, implicating that the structures and functions are conserved in the flap nuclease family.
Results

Structure determination
To characterize structural mechanism by which Mus81-Eme1 recognizes and resolves its substrates, we crystallized human Mus81 (DN245)-Eme1 (DN177) bound to three different DNA substrates. This N-terminal truncated Mus81-Eme1 construct showed identical catalytic activities for various substrates compared to the full-length human Mus81-Eme1 (Chang et al, 2008) ; hence, we hereafter refer this construct as hMus81-Eme1. Initially, we obtained the crystal (P2 1 2 1 2 space group) in the presence of 17-bp dsDNA with 5-nt 5 0 flap (crystal I). The 2.8 Å structure of the crystal clearly revealed the presence of DNA and the substrate-induced conformational changes in hMus81-Eme1. However, in this crystal, Mus81-Eme1 and DNA were bound as a catalytically inactive complex because the 5 0 flap DNA formed a duplex DNA with a disordered 5 0 flap. This conformation of DNA mimics the post-nick duplex of the DNA Figure 1 . Overall structure of the hMus81-Eme1-DNA complex.
A A complex structure (crystal I) containing hMus81 (cyan)-Eme1 (pink) bound to a 5 0 flap DNA. The nuclease and nuclease-like domains are on top of the EHhH2 and MHhH2 domains, respectively. Each strand of a duplex DNA is shown with green and orange backbone. The wedge (black dotted circle) corresponds to helix a2-turn-helix-a3 and loop b6-a4. The "5 0 end binding pocket" is shown with blue dotted circle. Disordered 5 0 flap part is marked with orange dots.
B Left: A hMus81 (cyan)-Eme1 (pink) structure bound to a 3 0 flap DNA (crystal II) is shown in the same orientation as in (A). A schematic diagram for a substrate is shown on top. The approximate cleavage site is marked with an arrow and size of the crystallized DNA (black) is shown. Size of modeled DNA (orange) is shown inside the parentheses. Right: the 6.5 Å 2Fo-Fc map was calculated with phases after the model with the omitted DNA was subjected to simulated annealing refinement. Contoured at 1.0 r. On the right and left of the wedge, the post-nick and the pre-nick DNA are placed, respectively. Supplementary Fig S1A) . Although these crystals diffracted to limited resolution, electron density maps clearly provided features of overall conformations of Mus81-Eme1 and 3 0 flap DNA ( Fig 1B and Supplementary Fig S1A) .
Crystals I, II, and III contain one, two, and four hMus81-Eme1-DNA complexes in the asymmetric unit, respectively. Seven Mus81-Eme1-DNA structures show similar overall structures, but 2HhH2 position relative to the nuclease domain is variable in some structures. For example, four Mus81-Eme1 complexes in crystal III exhibit slightly different rigid body position of the 2HhH2 domain ( Supplementary Fig S1B and C) . The overall structure of the Mus81-Eme1 complex in crystal I is very similar to one of the complexes in crystal III. Furthermore, the overall structure of the complex in crystal II is close to another one of the complexes in crystal III.
Although crystal packing may contribute to the positional differences in 2HhH2, intrinsic malleability of the linker between the nuclease and HhH2 domains may be a major factor determining this difference (see below). All of our DNA-bound structures are substantially different from the structure of DNA-free human Mus81-human Eme1 (PDB ID: 2ZIX) or zebra fish Mus81-human Eme1 (zfMus81-Eme1, 2ZIU), suggesting that DNA binding induced notable conformational changes in Mus81-Eme1.
Overview of the human Mus81-Eme1 structure
Because the overall structures are more or less similar across seven structures, we will primarily describe the structural features and conformational changes in crystal I (2.8 Å ) in detail, where a bound DNA corresponds to the post-nick duplex of a 3 0 flap DNA. We will also partly describe the gross features of crystals II (6.5 Å ) and III (6.0 Å ). Pre-nick duplex DNA is packed between the EHhH2 and the Mus81 nuclease domain, whereas the post-nick duplex DNA is primarily bound to the Eme1 nuclease-like domain and MHhH2 domain (Fig 1A and B) . The interface between the pre-and postnick DNA is bent approximately by 100°and formed by four-nt single-stranded (ss) DNA (crystal II). The pre-and post-nick duplexes are separated by the hydrophobic wedge formed by helixturn-helix (HTH, a2-a3) and loop b6-a4 of Mus81. On the right side of the wedge, a pocket (we refer "5 0 end binding pocket") formed by the nuclease (a2 to a4) of Mus81 and the Eme1 linker (a7) interact with the 5 0 nicked end of post-nick duplex (Fig 1B) . On the left side of the wedge, the 3 0 end of the pre-nick DNA is directed to the active site (a1 and a2, and loop b3-b4). In the DNA-bound structure, hMus81 linker (residues 464-470) becomes linearly extended and hEme1 linker (residues 445-472) forms an ordered structure, which separates the nuclease and the 2HhH2 domains, leading to an open and relaxed overall conformation compared to the compact form of DNA-unbound Mus81-Eme1 (Fig 2A and B) .
The substrate-induced structural transition of hMus81-Eme1
Although DNA-free zfMus81-hEme1 structure (2ZIU, 2.8 Å ) was determined at a higher resolution than that of hMus81-hEme1 (2ZIX, 3.3 Å ), both structures are very similar (Chang et al, 2008) . Thus, we compare human DNA-free and DNA-bound Mus81-Eme1 crystal structures for consistency. Comparison result between human DNA-free and DNA-bound Mus81-Eme1 structures is virtually identical to that between DNA-free zfMus81-hEme1 and DNAbound hMus81-Eme1. Overall, the substrate binding rotates the 2HhH2 domain by 40°relative to the nuclease domain (Fig 2A and  B) . The most striking conformational change occurs in Eme1 linker (residues 445-472). The disordered loop (residues 445-455) becomes ordered and extends the five-turn helix (a7) to a continuous and kinked (at Pro447) eight-turn helix (Fig 2A-D) . This region contains Lys441 and Lys449 that interact with the 5 0 terminal nts of Supplementary Fig S2) . Thus, we presume that binding of the 5 0 nicked end of the post-nick DNA to these residues initiates structural rearrangement. This "disorder-to-order" transition of the hEme1 linker is important for the following several reasons. First, it alters the orientation and conformation of loops a7-a8 and a8-a9 of Eme1, which results in disclosure of the wedge (HTH (a2-a3) and loop b6-a4) of hMus81 and formation of the "5 0 end binding pocket" (Fig 2B and D, mentary Movie S1). In DNA-free hMus81-Eme1, Trp465 in loop a8-a9 of Eme1 is packed against residues from the wedge and the "5 0 end pocket" of Mus81 and interferes the substrate binding.
These residues include Ile344, Phe349, Arg350, Thr383, Ala387, and Asn390 of hMus81 ( Fig 2C) . The substrate binding relocates the loops a7-a8 and a8-a9 as much as 30 Å and flips Trp465 to interact with MHhH2 to open the wedge and to create the pocket. Here, Trp465 interacts with Arg477, Met480, and Gln481 of MHhH2 and packed by Phe459, Ala466, and Gln488 of EHhH2 ( Fig 2D) . Second, loops a7-a8 and a8-a9 of Eme1 are directed to hMus81 linker and alter the structure of hMus81 linker, shifting it toward Mus81 nuclease domain as much as 14 Å . Third, the structural transition of these linkers ultimately rotates the 2HhH2 domain by 40°(20 Å ), which is stabilized through interactions between the hairpin b10-b11 of Mus81 and helix a1 of Eme1 (Figs 1B, 2B and D). These conformational changes allow EHhH2 and MHhH2 to interact with pre-and post-nick DNA, respectively, and force the flap substrate DNA to kink with the aid of the wedge. Such sharp DNA bending would not occur in the DNA-free closed state primarily because the wedge is completely buried by 2HhH2; hence, the "5 0 end binding pocket" cannot form in full shape.
The post-nick DNA-binding region
As we observed in the structure of crystal I, post-nick DNA binding is sufficient to induce conformational changes in Mus81-Eme1, suggesting that this part of the substrate initially interacts with the nuclease (Figs 1A, 2B and D) . Interactions between hMus81-Eme1 and post-nick DNA are best described in two parts (crystal I). The first is the minor groove contact near the center of post-nick DNA by helix a1 of Eme1 and loops a7-a8 and b10-b11 of MHhH2 ( Fig and Arg244 (Eme1) form ion pairs with the phosphate oxygen atoms of Ade8 0 (Fig 3B, bottom) . The most critical feature is Arg530 from MHhH2, which deeply wedged into the Ade10 0 -Thy10 and Cyt9 0 -Gua9 base pairs at the minor groove (Fig 3B, middle) .
To examine the significance of the interactions between MHhH2 and the minor groove, we replaced Arg530, Arg483, and Lys489 with alanine. The R530A and R483A/K489A/R530A mutant at MHhH2 exhibited decreased nuclease activities toward a nicked HJ. After 8 mins of reaction, the amount of cleaved nHJ substrate by the R530A and the R483A/K489A/R530A mutant was approximately 50% and 5% relative to the wild-type (WT) Mus81-Eme1, respectively. Although the measured points in time courses are not exactly linear, which makes it difficult to obtain an accurate quantification analysis, the results clearly suggest that these residues in the MHhH2 region are important in recognition and cleavage of DNA (Fig 3C and D, and Supplementary Table S2) . More reduction in the nuclease activities toward 3 0 flap DNA was observed for these mutant proteins (Fig 3G and H) . Approximately 16% and 5% of the substrate cleavage were achieved by the R530A and the R483A/ K489A/R530A mutant, respectively, relative to WT protein at 8 mins of reaction. ("A3") is unpaired (Fig 3A and E) . In this pocket, the phosphate oxygen of Ade2 interacts with Arg350 (Mus81) and Lys449 (Eme1), and Ade2 base and sugar are surrounded by the residues from helix a7 in Eme1 and helix a4 and loop a4-b7 in Mus81; Ile344, Ile345, A Overall structure of DNA-unbound hMus81 (cyan)-hEme1 (pink). An arrow indicates the rotation of the 2HhH2 domain. B Overall structure of DNA-bound hMus81-Eme1. DNA binding extends the hMus81 and hEme1 linkers and opens the interface between the nuclease: nuclease-like and 2HhH2 domains. A central axis at the interface of MHhH2 and EHhH2 is rotated by 40°in the presence of DNA. For more accurate comparison, structure of crystal I is drawn. The pre-nick duplex is added from the crystal II after superposition. The root mean square deviation value for the Ca atoms of the nuclease and 2HhH2 domain between DNA-free and DNA-bound Mus81-Eme1 is 1.4 Å and 1.6 Å, respectively. C Close-up view of the Eme1 linker in the DNA-free Mus81-Eme1 structure. Trp465 (yellow) is packed by hydrophobic residues (pale green) of Mus81 and blocks the wedge (a2-turn-a3). D Close-up view of the Eme1 linker region in the DNA-bound open and relaxed state of hMus81-Eme1, in which Trp465 is flipped and interacts with residues from MHhH2 (pale green) and Eme1 (light orange; crystal I).
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The post-nick DNA binds to hMus81 (MHhH2) and Eme1 (nuclease-like domain). The interactions can be grouped into three regions; (top) Arg483, Ser486, and Lys489 interact with Cyt5 0 , Ade6 0 , and Cyt7 0 ; (middle) Arg527 and Arg530 inserted into the minor groove; (bottom) Lys241 and Arg244 of Eme1 bind to Ade8 0 .
Interactions are described based on the structure of crystal I. C Nuclease activities of various hMus81-Eme1 mutants were examined toward a nicked HJ. Various hMus81-Eme1 proteins (2 nM) were incubated with a substrate DNA (20 nM) at 37°C for 2, 8, 20, and 60 min (see Supplementary Table S2 ). D Quantification of the substrate cleavage is shown. Percentage of the cleaved DNA substrate after the reaction was quantified using phosphorimager analysis. The error bars are calculated from the standard deviation. E A simulated annealing omit map (1.0 r) of the 5 0 end junction at the binding pocket at 2.8 Å resolution.
F
The 6.0 Å electron density map for the pre-nick DNA bound to hMus81 (nuclease)-Eme1 (EHhH2) contoured at 2.5 r (crystal III). The Fo-Fc map was calculated with phases after the model with the omitted pre-nick DNA was subjected to simulated annealing refinement. G, H Nuclease activities of various hMus81-Eme1 mutants were examined toward a 3 0 flap DNA and quantified. Assay conditions were same as those of (C) and (D).
Source data are available online for this figure. (Fig 3A and E) . To understand the significance of the wedge and 5 0 binding pocket, we generated two double mutant proteins. We predicted that introduction of bulky residues to the 5 0 end pocket should block the pocket and negatively affects the nuclease activity. Thus, we mutated Thr383 and Ala387 to arginine. The T383R/A387R mutant at the binding pocket cleaved only 10% and 0.5% of the nHJ and the flap substrate, respectively, relative to the WT Mus81-Eme1 after 8 mins of reaction (Fig 3C, D , G and H, and Supplementary  Table S2 ). We also examined the importance of wedge by replacing Ile344 and Ile345 to arginine. The I344R/I345R mutant at the wedge cleaved about 33% of nHJ (14% of the flap DNA) substrate at 8 mins of the reaction (Fig 3C, D , G and H). Our mutational analysis could not differentiate whether the mutational effects are due to DNA binding or due to chemical step of catalysis. However, because we used an excess amount of the substrate relative to Mus81-Eme1, it is possible that DNA-binding affinities play a more important role for the observed mutational effects. Collectively, these results demonstrate the significance of the "5 0 end binding pocket" and the wedge in substrate recognition and nuclease activity.
The pre-nick DNA-binding region
The EHhH2 domain binds to the pre-nick DNA in a twofold pseudosymmetric manner to the interaction between MHhH2 and post-nick DNA ( Figs 1B and 3F ). Structural superposition of the 2.8 Å structure of crystal I into the 6.0 Å electron density map reveals that loops a9-a10 and a12-a13 of EHhH2 interact with the minor groove of the pre-nick DNA. Arg491 (a9-a10) and Arg534 (a12-a13) are likely to participate in recognizing the pre-nick DNA (Fig 3F,  Supplementary Fig S2) . We tested the significance of these interactions by mutational analyses. The R534E/T541Y (EHhH2) mutant cleaved approximately 25% nHJ substrate (25% flap DNA), while R491E/S493W mutant exhibited about 4% cleavage of nHJ relative to the WT Mus81-Eme1 after 8 mins of reaction (Fig 3C, D , G and H, and Supplementary Table S2 ).
In the opposite side, Mus81 nuclease domain binds to the minor groove through helix a3, loops b3-b4, a6-a7, and b2-a1 (Fig 3F) . Several positively charged residues are clustered here: Arg348, Arg355, Lys302, and Lys465 (Supplementary Fig S2) . The charge inversion mutation of Arg348 and Arg355 at helix a3 to glutamate almost completely abolished the nuclease activities toward nicked HJ and 3 0 flap DNA substrates (Fig 3C, D , G and H, and Supplementary Table S2 ).
Mus81-Eme1 bends DNA to facilitate substrate recognition and cleavage
The interface between pre-and post-nick DNA of a 3 0 flap substrate in Mus81-Eme1 is sharply kinked. To validate our structural observation, we performed fluorescence resonance energy transfer (FRET) analysis using 3 0 flap DNA containing ends labeled with FAM and TAMRA (TMR, R 0 = 50 Å ; Supplementary Fig S4A and B) .
The dual-labeled 3 0 flap DNA substrate exhibited significant changes in the FRET signal intensities in the presence of hMus81-Eme1 compared to in the absence of nuclease, suggesting that Mus81-Eme1 brings the ends of pre-and post-nick DNA closer. In contrast, an addition of hMus81-Eme1 did not show any quenching on 26-mer dsDNA labeled with FAM-TMR ( Supplementary Fig S4B) . hMus81-Eme1 does not quench the donor-or acceptor-alone-labeled DNA, and the fluorescence intensity of substrates labeled with FAM or TMR remains constant independent of protein concentration. These FRET data suggest that the observed changes in the fluorescent intensities reflect changes in energy transfer caused by decreasing end-to-end distance ( Supplementary Fig S4C and D) . Collectively, FRET measurements show that hMus81-Eme1 significantly kinks the 3 0 flap DNA conformation, supporting our crystal structures.
Active site
The DX n ERKX 3 D sequence has been proposed to be the signature motif of the active site of MUS/XPF family members (Ciccia et al, 2008) ( Supplementary Fig S2) . Previous studies suggested that Asp307, Glu333, and Arg334 (carbonyl oxygen) of hMus81 are potential ligands for Mg 2+ ion (Newman et al, 2005; Nishino et al, 2005; Chang et al, 2008) . To identify the active site within hMus81, we soaked the crystal of the hMus81-Eme1-DNA complex (crystal I) in buffer containing 1 mM MgCl 2 . The Fo-Fc map revealed strong density (over 5r) where we placed a Mg 2+ ion. This Mg 2+ ion interacts with the carboxyl groups of conserved Asp274 (2.3 Å ), Glu277 (2.3 Å ), and Asp307 (2.2 Å ), which are in close proximity to the signature motif ( Fig 4A and Supplementary Fig S2) . Mutation of Asp274, Glu277, or Asp307 to alanine almost completely abrogated the nuclease activities of Mus81-Eme1 toward a nicked HJ substrate (Fig 4B) . The Mg 2+ ion-binding site of Mus81 resembles a metal on the nucleophile side in nucleases or polymerases which employ two-metal-ion catalysis (Yang, 2008) . However, we could not observe the electron density for additional Mg 2+ ion. We presume that because hMus81-Eme1 and 5 0 flap DNA in crystal I form a noncatalytic complex devoid of the pre-nick duplex, we were not able to observe the second metal ion, which may bind stably only in the presence of the substrate DNA. It has been reported that the binding of an additional metal ion can be unclear even in enzyme-substrate complexes (Yang et al, 2006; Freudenthal et al, 2013) . We though predict that the second Mg 2+ ion is located near Asp307 and Glu333 upon formation of the catalytic Mus81-Eme1-DNA complex. When the 2.8 Å structure is superimposed to the 6.0 Å electron density map of crystal III (or the 6.5 Å map of crystal II), the electron density for the DNA backbone is directed to the active site and surrounded by several acidic residues from loops b2-a1 and b3-b4 and strand b5 (Fig 4C and Supplementary Fig S2) . The closest DNA backbone is located about 4 Å away from the metal ion, which further confirms the active site of Mus81. We predict that this DNA trace represents the incision strand. Structural analyses showed that the nuclease domain of Mus81 shares limited similarity with those of JM resolvases from bacteriophage and bacteria. Among the reported structures of the phage and bacterial JM resolvases, structure of T7 endonuclease 1 (T7 endo, 2PFJ) most closely resembles that of Mus81 (Hadden et al, 2007) . Structure of T7 endo possesses a few helices and strands that can be superimposed to the helices (a3 to a5) and strands (b2 to b7) of Mus81. However, instead of a HTH motif of Mus81, the strandturn-helix (equivalent to helix a3) separates the HJ arms in T7 endo, and no features like a pocket and the 2HhH2 domain of Mus81-Eme1 are observed. Structure of the Thermus thermophilus RuvC (TtRuvC, 4LD0) also exhibited a central b sheet (Górecka et al, 2013) . However, the overall structure is more distantly related to that of Mus81 compared to T7 endo. Interestingly, hMus81 shares remarkable common features with 5 0 nucleases such as hFEN1 (3Q8M, Tsutakawa et al, 2011) and Exo1 (3QE9, Orans et al, 2011) despite low (6-8%) sequence identity. The core of these proteins, a six-stranded sheet flanked by helices, shows less than 2.6 Å rms deviations for 77~87 Ca atoms. Helices a1 to a5 of hMus81 correspond well to the equivalent helices of hFEN1 and hExo1 ( Fig 5A and Supplementary Fig S5A) . Furthermore, three helices (a10, a11, and a12) in the key DNAbinding region (K + ion/H2TH) of hFEN1 are superimposed well onto the corresponding helices (a7, a8, and a9) of MHhH2 (Supplementary Fig S5B and C) . Importantly, Mus81 and 5 0 nucleases share several conserved features associated with substrate recognition, DNA bending, and protein conformation change (Fig 5A and B) . First, the hydrophobic wedge of 5 0 flap nuclease, which separates pre-and post-nick dsDNA, is overlaid well with the wedge of hMus81-Eme1 (Grasby et al, 2012) . Second, the "5 0 end binding pocket" in hMus81-Eme1 resembles the 3 0 flap binding site that interacts with a single nucleotide in 5 0 flap nuclease. These striking similarities suggest that the structural conservations within the 5 0 nuclease family members now extend to the Mus81/Eme1 nuclease/resolvase (Ciccia et al, 2008; Grasby et al, 2012) . While the disorder-to-order transition occurs in the Eme1 linker that is far apart from the active site in Mus81-Eme1, the transition is observed in the helical arch which is located on top of the active site in FEN1 (Tsutakawa et al, 2011) . Nevertheless, substrate-induced transitions are required for the substrate selection in both Mus81 and FEN1: FEN1 is believed to determine its substrates by controlling the entrance of the active site, whereas Mus81 achieves this by adjusting the position of 2HhH2 relative to nuclease. Fourth, both 5 0 flap DNA in FEN1 and 3 0 flap DNA in Mus81-Eme1 are sharply bent and exhibited a pseudo-mirror symmetrical relationship with their terminal bases unpaired (Fig 5B  and C) . By using the similar strategies, yet with pseudo-symmetrical features (5 0 flap for 3 0 flap binding pocket vs 3 0 flap for 5 0 end binding pocket), Mus81-Eme1 and FEN1 family nucleases resolve substrates with opposite flap.
Discussion
In this study, we have determined several Mus81-Eme1 structures that are bound to various flap DNA substrates. While the 3 0 flap DNA is one of the best in vitro substrates for Mus81-Eme1, the 5 0 flap DNA is not cleaved efficiently (Ehmsen & Heyer, 2008) . Based on structural, biochemical, and biophysical data, we explained how Mus81-Eme1 recognizes and cleaves DNA substrates.
Conformational change reveals two essential features for substrate recognition and bending
Previously, structures of an apo Mus81-Eme1 and an archaeal XPF homologue suggested that the substrate DNA should be bent to place its incision strand to an active site (Newman et al, 2005; Chang et al, 2008) . The present study confirms that dual site. Importantly, we show that DNA bending cannot be achieved without significant conformational changes for Mus81-Eme1 from a closed to an open form (Fig 2A and B) . Structure of crystal I suggests that initial binding of post-nick DNA is necessary and sufficient to induce structural transitions (Fig 1A and B) . The substrate-induced disorder-to-order change of the Eme1 linker results in rotation of 2HhH2, which unmasks the hydrophobic wedge and creates the pocket (Fig 2B) . Mutational analyses of the pocket and wedge suggest that only in the presence of these features, Mus81-Eme1 exhibited its full nuclease activities. Presence of similar wedge and pocket in the 5 0 flap nucleases raises a possibility that these are universal features in the substrate recognition and bending in flap nuclease family members. end, it is unlikely that DNA without a nick such as the 5 0 flap, splayed arms, and intact JMs can effectively bind to the pocket, which is consistent with biochemical data Fricke et al, 2005; Ehmsen & Heyer, 2008) .
Selection of the incision point on a substrate
Earlier studies showed that human and yeast Mus81-Eme1/Mms4 cleave two to seven nts upstream from the 5 Fig 6A-C) . We then placed the incision strand of a pre-nick DNA into the corresponding region of the 6 Å electron density map. When this structure is superimposed with that of crystal I (2.8 Å ), the closest nucleotide ("-3 nt") from the Mg 2+ site (approximately 4 Å ) is located at three nt upstream from the branch point (Figs 4C, 6B and C). Also, "-3 nt" is at three nt upstream from the 5 0 nicked end (or the "5 0 end binding pocket"). Thus, the incision site would be equally distant from the binding pocket or from a branch point in our structure-based model, which suggests that either the branch point or the 5 0 junction at the pocket can be used as a reference point. Recent studies report that it is the branch point, rather than 5 0 junction that determines the incision site of substrates by budding yeast Mus81-Eme1, supporting our structure (Ehmsen & Heyer, 2009 ).
Insights into the junction resolving mechanism of Mus81-Eme1
Mus81-Eme1 is known to resolve nicked HJs or intact HJs both in vitro and in vivo. Structural basis of the selectivity of the 3 0 flap over the 5 0 flap DNA by Mus81-Eme1 can be extended to understand how Mus81-Eme1 participates in resolving JMs. Mus81-Eme1 is likely to recognize the nicked HJs over intact HJs through its 5 0 end binding pocket. In addition, intact HJs have a significant restraint at a junction between arms and cannot be efficiently separated by the wedge. As a result, DNA bending that we have observed in the present study may not be efficiently achieved in intact HJs. However, once the nick is introduced, it would relieve the restraint at the junction between arms as well as generating the 5 0 nicked end. Recent studies suggested that Slx1 primarily introduces the first nick to intact HJs in the MUS-SLX complex (Castor et al, 2013; Garner et al, 2013; Wyatt et al, 2013) . Our structures suggest that an initial nick produced by Slx1 can be lodged into the pocket of Mus81-Eme1 for the second cleavage, which support the nick-and-counternick mechanism by MUS-SLX.
A model for the Mus81-Eme1-nicked JM complex
How does Mus81-Eme1 recognize the nicked JMs? Previous studies showed that mutations of Arg289, Arg293 (helix a1), Arg406, and Arg417 (helix a5) of Mus81 significantly decreased nuclease activities toward a nicked HJ and replication fork, while nuclease activities toward a 3 0 flap DNA remained unaltered (Chang et al, 2008) .
The 6.0 Å electron density in crystal III revealed the trace for the crystallographic symmetry-related DNA at the surface, which is formed by helices a1 and a5 and loop b6-a4 (Fig 6D) . Several basic residues are clustered in this region. This DNA trace can be extended from the pre-nick DNA, and together with the pre-and Gwang Hyeon Gwon et al Molecular basis of Mus81-Eme1 substrate selection The EMBO Journal post-nick duplex, the overall DNA structure at the active site mimics a replication fork.
The linker between the nuclease and 2HhH2 domain is important for the substrate selectivity in MUS/XPF family members Biologically, Mus81-Eme1 nuclease independently incises diverse substrates, while it could function as a JM resolvase in complex with Slx1-Slx4. As we have shown from the structural comparison analysis with 5 0 nucleases, Mus81-Eme1 possesses several crucial features that can function as a flap nuclease. Consistent with this idea, in murine cells, the primary targets of Mus81-Eme1 in DNA interstrand cross-link repair are DNA molecules with structures other than intact HJs (Castor et al, 2013) . The linker connecting the nuclease and 2HhH2 domains undergoes the most dramatic conformational change in response to DNA binding. This region in the MUS/XPF family members exhibits wide range of diversity in the length and composition ( Supplementary Fig S2) . As a result, the position of 2HhH2 relative to the nuclease domain in other MUS/XPF members is expected to be different from that of Mus81-Eme1. We predict that difference in the position of 2HhH2 confers the substrate selectivity to the MUS/XPF family nucleases. (Roberts & White, 2005) . Collectively, these results suggest that the substrate selectivity is achieved not only by the active site but also by differences in linker and location of 2HhH2 in MUS/XPF nucleases. In conclusion, we have shown that the substrate-induced structural transition of Mus81-Eme1 provides critical features, which explain how this nuclease complex distinguishes the substrates. These structural features allow Mus81-Eme1 to function efficiently as a structure-selective nuclease by itself and as a resolvase for intact HJs together with other nucleases. Structures of the Mus81-Eme1 complex bound to flap DNA substrates presented here should provide insights into understanding the resolving mechanism of JM intermediates in HR repair and in the chromosome segregation.
Materials and Methods
Protein expression and purification
Genes encoding hMus81 (residues 246-551) and hEme1 (residues 178-570) were amplified by PCR and inserted into pCDF-duet and pET-duet, respectively. The Escherichia coli Rosetta (DE3) containing the two plasmids was grown in LB media. His-tagged hMus81-Eme1 was purified by a Ni 2+ -NTA affinity chromatography. Fractions containing the hMus81-Eme1 complex were further purified using cation-exchange chromatography and dialyzed against a buffer containing 20 mM Bis-Tris-propane-HCl (BTP-HCl) pH 7.0, 0.2 M NaCl, and 5 mM DTT.
Crystallization and data collection
Crystals of the hMus81-Eme1-DNA complex were grown by the hanging drop vapor diffusion method at 4°C. Crystals ( -bound crystals (crystal I), crystals were soaked in crystallization buffer containing 1 mM MgCl 2 for 5 days. Diffraction data from the hMus81-Eme1-DNA crystals were collected at À170°C, either at the Pohang Accelerator Light Source or at 0.9795 Å at the Structural Biology Center (SBC) ID beamline (sector 19) at the Advanced Photon Source. Diffraction data were integrated and scaled using the HKL3000 package (Otwinowski & Minor, 1997; Supplementary Table S1 ).
Structure determination and refinement
The structure of the hMus81-Eme1-DNA complex was determined by the molecular replacement method. For crystal I, we initially determined the position of the nuclease: nuclease-like domain of hMus81-Eme1 using the nuclease: nuclease-like domain of the zfMus81-hEme1 structure (2ZIU), followed by locating the 2HhH2 domain. After density modification, an electron density map generated at a resolution of 2.8 Å using the PHENIX program (Adams et al, 2010) clearly revealed positions for Mus81 and Eme1 linkers and the DNA molecule, which allowed us to trace most chains. Successive rounds of model building using COOT (Emsley & Cowtan, 2004) and refinement using PHENIX were performed to build the complete model. A Mg 2+ ion was identified from difference Fourier map generated at a resolution of 2.85 Å . The structure of this hMus81-Eme1 was then used to determine the positions of the nuclease and 2HhH2 domains in crystals II and III with the program PHASER (McCoy et al, 2007) . The molecular replacement model of two hMus81-Eme1 protomers in the asymmetric unit (crystal II) or four hMus81-Eme1 protomers (crystal III) was improved by rigid body refinement using five rigid groups per protomer and by TLS refinement using five TLS groups per protomer with the program PHENIX (Adams et al, 2010) . The twofold ncs (crystal II) or fourfold ncs averaged map (crystal III) of the nuclease complex model clearly revealed the density for the substrate including the preand post-nick duplex DNA regions. For pre-nick and post-nick duplex, a model of an ideal B-type DNA and a DNA model from crystal I was positioned into a map, respectively. The model was further improved by rigid body refinement with a twofold ncs restraint for crystal II or a fourfold ncs restraint for crystal III and with a 2.8 Å structure of hMus81-Eme1 as reference model restraints.
Nuclease activity assay
A cleavage reaction mixture containing 20 nM 32 P-labeled nHJ and 3 0 flap DNA substrate in reaction buffer (25 mM Tris-HCl, pH 8.0, 5 mM b-mercaptoethanol, 100 lg/ml bovine serum albumin (Sigma-Aldrich, USA), 5% glycerol, and 10 mM MgCl 2 ) was incubated for various time period (2-60 min) at 37°C. The reaction
The EMBO Journal Vol 33 | No 9 | 2014 ª 2014 The Authors was stopped by incubation with 1× reaction stop buffer (0.3% SDS, 5 mM EDTA, pH 8.0, and 0.1 mg/ml proteinase K (Sigma-Aldrich, USA)), for 30 min at 37°C. The products were resolved in a 10% native polyacrylamide gel in 1× TBE (Tris-borate-EDTA). The products were separated for 90 min at 13/Vcm. Uncleaved substrates were quantified by a phosphorimager analysis using MultiGauge version 3.0 (Fujifilm).
